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zation (CME) can induce left ventricular contractile dysfunction or dyssynchrony on swine
models.
Materials and methods: CME swine models were constructed by the injection of 150,000 micro-
spheres into the left coronary artery compared with the control group. The peak systolic values
of longitudinal strain (LS), radial strain (RS), and circumferential strain (CS) by two-
dimensional speckle tracking imaging (2D-STI) were measured under resting stage and dipyri-
damole stress prior to, 6 hours after, and 1 week after CME. The mean standard deviation of 12
segmental time-to-peak longitudinal strain (Tls-12SD), radial strain (Trs-12SD), and circumfer-
ential strain (Tcs-12SD) of the left ventricle were calculated as the dyssynchrony index.
Results: Postmortem analysis demonstrated 29.76% of the left ventricular segments mani-
fested myocardial necrosis in MCE group compared with the control group (0%, p < 0.01). Left
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190 L. Cheng et al.(p > 0.05). In the CME group, compared with the baseline, LS on the basal anterior wall dete-
riorated from 9.72  4.96 % to 6.35  3.75 % (p < 0.05) and Tcs-12SD was prolonged from
85.00  35.74 ms to 151.30  75.14 ms at 1 week (p < 0.01) under resting stage. After dipyr-
idamole infusing, a further decrease of contractility on all CME-related segments occurred at
6 hours and/or 1 week (p < 0.05e0.01). The deterioration of Tls-12SD achieved statistical sig-
nificance at 1 week (157.66  78.25 ms vs. 112.54  62.52 ms, p < 0.05). Furthermore, Tcs-
12SD was progressively delayed from 6 hours to 1 week (148.30  45.53 ms and
162.45  51.67 ms vs. 78.00  40.17 ms, all p < 0.01).
Conclusion: Subtle cardiac systolic dysfunction as well as dyssynchrony caused by CME can be
detected using dipyridamole stress 2D-STI sensitively. Moreover, left ventricular dyssynchrony
could be affected even by slight myocardial injury.
ª 2013, Elsevier Taiwan LLC and the Chinese Taipei Society of Ultrasound in Medicine.
Open access under CC BY-NC-ND license.Introduction
Coronary microembolization (CME) was produced during
spontaneous plaque rupture and ulceration as well as dur-
ing coronary intervention. Microscopic examination
revealed patchy necrosis and inflammatory cell infiltration,
but no intramyocardial hemorrhage and extensive intra-
myocardial hemorrhage and transmural damage in CME.
Multiple sequential intracoronary CME can effectively
reduce coronary reserve and induce myocardial dysfunction
with clinical signs of chronic ischemic cardiomyopathy
[1e3]. Therefore, the early detection of CME-induced
ischemic lesion plays an important role in the prediction
of prognosis in patients suspected of having ischemic heart
disease. Velocity-encoded phase contrast magnetic reso-
nance imaging is the most frequently used method for the
qualitative and quantitative evaluation of acute micro-
infarct and to determine the degree of cardiac injury. Nu-
clear imaging and positron emission tomography are other
alternations demonstrated which have additional prog-
nostic value over angiography for CME [4e6]. However,
these techniques are relatively too expensive for wide-
spread use, especially in developing countries considering
the increasing incidence of coronary artery disease [7,8].
It has been confirmed that echocardiography is a useful
modality for cardiac function assessment. However, the al-
ternations of global and regional left ventricular dysfunction
after CME evaluated by conventional echocardiographywere
conflicting. The inconsistent results may be deduced on
different degrees of CME models or by diverse echocardio-
graphic measurement software [9e11]. In recent years,
stress echocardiography has improved its accuracy and
acceptance through the major steps such as synchronized
display of the different stages of the same cut-planes of two-
dimensional (2D) images and combined with new imaging
modalities such as tissueDoppler imaging or two-dimensional
speckle tracking imaging (2D-STI) [12e14]. Among the latest
echo approaches applied in stress test, 2D-STI is a method
with no angle dependence, allowing frame-by-frame
tracking of natural acoustic markers within the myocar-
dium on standard grayscale images. Because the double-
helical structure of left ventricular myofiber shortens in the
longitudinal and circumferential directions and thickens in
the radial direction, strain is commonly realized as objectiveparameters of directional deformation and can be used to
detect subclinical impairment. Moreover, 2D-STI can identify
the interventricular and intraventricular mechanical dys-
synchrony, which helps a lot in the assessment of normal
versus abnormal mechanical dyssynchrony in patients with
cardiovascular disease [15e18].
Left ventricular systolic dysfunction caused by CME is
usually local and subtle. In addition, to our knowledge, it is
still unclear whether cardiac uniformity can be influenced
by slight myocardial injury. This experimental study was
designed to noninvasively determine whether there is a link
between microinfarction and segmental systolic dysfunc-
tion as well as dyssynchrony of the left ventricle (LV) using
dipyridamole stress 2D-STI on CME swine models.Materials and methods
The bioethics committee of Zhongshan Hospital (Shanghai,
China) approved the experimental protocols used in this
study, and the swine were handled according to the guide-
lines of Science and Technology Commission of Shanghai
Municipality.
Eighteen miniature pigs (age 12 weeks, weight range of
21e25 kg) were enrolled. They were randomized into two
groups: the CME group (n Z 9) which received 150,000
microspheres injection; and the control group (n Z 9),
which used saline. All the swine were initially sedated with
intramuscular injection of a combination of ketamine
(5e10 mg/kg) and diazepam (5e10 mg/kg). Anesthesia was
maintained with 3% pentobarbital sodium intravenously
(3 mg/kg/h) until the experiment was completed, and the
animals were observed until awakening and spontaneous
breathing without intubation was achieved.
Coronary microembolization methodology
The right femoral artery and vein were dissected; 7 F and 6
F vascular sheaths were placed in each vessel, respectively.
Prior to coronary cannulation, animals were anticoagulated
with intravenous heparin: 5,000 IU bolus followed by
100 IU/kg/h. For coronary angiography, a 6F XB 3.5 guiding
catheter was used for the left coronary artery (LAD) system
via the femoral approach, and a 2.8 F infusion catheter
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in the middle of LAD. CME was induced by continuous
manual injection of 150,000 microspheres (42 mm, Dyno-
spheres; Dyno Particles; LillestrØm, Norway) into the LAD
followed by a 6-mL saline flush. The control group used
saline injection. Measurements of systemic hemodynamics
and myocardial function were repeated at baseline (BASE),
6 hours (6 H) and 1 week (1 W) after the invasive process.
Echocardiographic image acquisition
Animals were investigated in a right lateral position. Echo-
cardiographic studies were performed with a commercially
available system (Philips IE 33, Philips Medical Systems Cor-
poration, MA, USA), with a 1-5 MHz transducer (S5-1). When
the images under rest condition were acquired, the stress
was carried out using a low-dose dipyridamole injection
(15 mg/2e3 minutes) via anterior auricular veins.
For each step, two-dimensional grayscale digital cine
loops were obtained in the apical four-, two-, and three-
chambers, as well as short axis views both at mitral and
papillary muscle levels. All the images were recorded with
optimization of depth, focal range, and high frame rate
(60e90 frames/second at rest and peak stress) to ensure
optimal border delineation. Then, all the measurements
were repeated at 6 H as well as 1 W. At least three cardiac
cycles were saved in digital format for off-line analysis by
observers blinded to the grouping.
Image analysis
LV end-diastolic and end-systolic volumes were measured
from the apical four- and two-chamber views using the
biplane methods, then left ventricular ejection fraction
(LVEF) was calculated [19].
The 2D strain analysis was performed using Philips QLAB
8.1 workstation (Philips Medical Systems Corporation, MA,
USA). The endocardial border was traced manually on the
end systolic frame of the 2D sequence. At each view, the
software automatically tracked myocardial motion,
creating speckle tracking regions. Regional deformation
was calculated as final length divided by initial length
from the acoustic markers (speckles) from frame to frame.
Because the catheter was placed in the midpoint of the
vessel lumen, only the basal and middle segments of LV
were studied. The peak values of longitudinal strain (LS) of
each segment were deduced from the apical views. The
peak values of radial strain (RS) and circumferential strain
(CS) of each segment were obtained from the short axis
views. LS represents myocardial deformation directed
from the base to the apex. RS reflects the degree of
myocardial thickening at the short axis. CS indicates
circumferential deformation along the left ventricular
curvature.
Regional time-strain curves in each plane were also
extracted. The index of time-to-peak of strain was cal-
culated from the onset of the QRS interval to the time of
peak regional strain. A standard deviation was calculated
for each swine from all of the 12 regions at basal and
middle levels both at long and short directions. The me-
chanical dyssynchrony was quantified as mean standarddeviation of time-to-peak longitudinal strain (Tls-12SD),
radial strain (Trs-12SD), and circumferential strain (Tcs-
12SD). The standard deviation of time-to-peak intervals of
the 12 segments (index-12SD) represents the contraction
harmoniousness at different directions, whereas extension
of these parameters indicates ventricular systolic dys-
synchrony at longitudinal, radial, and circumferential
orientations.Postmortem analysis
The animals were euthanized by intravenous injection of
30 mL of 10% potassium chloride. The heart was removed
and sectioned into five slices from the apex to the base in a
plane parallel to the atrioventricular groove and immersed
in a 0.2 mol/L sodium phosphate buffer (pH 7.4) containing
1.0% triphenyltetrazolium chloride (TTC, Sigma, Deisenho-
fen, Germany) for 20 minutes at 37C to confirm, localize,
and quantify microinfarction. Approximately 200-mg
transmural tissue specimens from the basal and middle
anterior septum as well as anterior walls (CME zone) were
taken and immediately fixed in 4% buffered formaldehyde.
The formaldehyde-fixed specimens were embedded in
paraffin and sectioned into 5-mm thick slices. Hematoxylin
and eosin staining was used to demonstrate the presence of
myocardial necrosis.Statistical analysis
Continuous variable was presented as mean  standard
deviation (SD). The differences of variables within groups
were evaluated by two-way analysis of variance followed by
Bonferroni corrected multiple comparisons. A two-sided p
value of less than 0.05 was considered to indicate statistical
significance. All analyses were performed with SPSS 17.0
software (SPSS Inc., Chicago, IL, USA).
Interobserver variability was examined by two investi-
gators in a blinded fashion from three randomly selected
swine using the mean and SD of variables as well as correla-
tion coefficients. Intraobserver variability was also studied
by having the one investigator measure variables for the
three individual swine on different days.Results
From the original 18 swine, two pigs died from the CME
group (1 died of an overdose of anesthesia and another died
at 6 hours after CME). Sixteen animals were finally
analyzed. The results of coronary arteriography demon-
strated no TIMI III lesions of LAD in these 16 pigs prior to and
after the microemboli injection. No inferior wall was sup-
plied by LAD and the anterior and anterior septum walls at
both basal and middle levels were perfused from LAD.
Similar echocardiographic baseline characteristics were
observed between the two groups (all p > 0.05). Further-
more, LVEF as well as heart rate at each time point had no
significant differences in comparison with the values of
baseline under both the rest and stress states (all p > 0.05).
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In the control group, each segmental LS, RS, and CS did not
differ throughout the study.While in theCMEgroup, at rest, LS
on basal anteriorwall deteriorated at 1W from9.72 4.96 %
to 6.35  3.75 % (p < 0.05) with CS as well as RS and was
altered little compared with those at BASE. After dipyr-
idamole infusion, as early as at 6 H, LS on anterior wall at
mitral valve level worsened (12.00  3.82 %
vs. 8.11  3.75%, p < 0.05). A further decrease of LS on all
CME-related segments occurred at 1 W (basal anterior
septum: 5.69  3.68% vs. 11.77  5.29%, p < 0.01;
basal anterior wall: 4.78  4.24% vs. 12.13  3.82%,
p < 0.01; middle anterior septum: 7.69  3.75% vs.Fig. 1 Changes in longitudinal, radial, and circumferential strain
BASE Z baseline; CS Z circumferential strain; LS Z longitudinal s
6H Z 6 hours after microembolism. * p < 0.05 and ** p < 0.01 com11.14  5.27%, p < 0.05; middle anterior wall:
4.96 3.22% vs.12.03 4.63%, p< 0.01). In addition,
RS on basal anterior wall decreased from 14.03  4.75% to
9.91 3.86% (p< 0.01) at 1W,CSonbasal anterior septumand
anterior wall worsened at 1W simultaneously (9.594.40
vs. 13.77  5.29%, p < 0.01; 10.91  3.75% vs.
13.14  3.82%, p < 0.05) (Figs. 1 and 2).
Changes in LV dyssynchrony
In the control group, the index-12SD showed no significant
difference under both rest and stress conditions. In the
CME group, compared with baseline, Tcs-12SD was pro-
longed from 85.00  35.74 ms to 151.30  75.14 ms at 1 Ws at rest and stress in the coronary microembolization group.
train; RS Z radial strain; 1W Z 1 week after microembolism;
pared with baseline.
Fig. 2 Representative two-dimensional speckle tracking imaging-induced strain curves at 1 week after the coronary micro-
embolization. A and B were longitudinal strain curves at rest and stress, respectively. The red curve indicates the value of strain on
middle anterior wall of the left ventricle (LV). The peak value of longitudinal strain decreased from 22.00% to 6.12% (red arrow).
C and D were radial strain curves at rest and stress, respectively. The yellow curve indicated the value of strain on basal anterior
wall of the LV. The peak value of radial strain worsened from 14.34% to 6.15% (red arrow). E and F were circumferential strain
curves at rest and stress, respectively. The yellow curve indicated the value of strain on basal anterior wall of the LV. The peak
value of circumferential strain deteriorated from 12.05% to 5.77% (red arrow).
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performed, the deterioration of Tls-12SD achieved statis-
tical significance at 1 W (157.66  78.25 ms vs.
112.54  62.52 ms, p < 0.05). Furthermore, Tcs-12SD
progressively delayed at 6 H to 1 W (148.30  45.53 ms
and 162.45  51.67 ms vs. 78.00  40.17 ms, all p < 0.01).
The difference of Trs-12SD did not meet the statistical
standard (Fig. 3).
Postmortem analysis
All the basal and middle ventricular walls were studied.
In the CME group, there were 84 segments (12  7). Whilein the control group, there were 108 segments (12  9).
In the macroscopic examination of microinfarction,
29.76% of the segments (25 of 84) manifested non-
transmural myocardial necrosis in the CME group
compared with the control group (0%, 0/108, p < 0.01).
The segments of microinfarction were distributed as:
basal anterior wall, 12; basal anterior septum, 4; middle
anterior wall, 6; middle anterior septum, 3. After that,
microspheres and microinfarct of the CME zone were
detected with hematoxylin and eosin staining, and the
presence of patchy microembolization was confirmed to
be more in the CME group than in the control group
(35.71% vs. 0%, p < 0.01; Fig. 4).
Fig. 3 Changes in dyssynchrony parameters in the coronary
microembolization group. BASE Z baseline; Tcs-12SD Z mean
standard deviation of 12 segmental time-to-peak circumfer-
ential strain of left ventricle; Tls-12SD Z mean standard de-
viation of 12 segmental time-to-peak longitudinal strain of left
ventricle; Trs-12SDZmean standard deviation of 12 segmental
time-to-peak radial strain of left ventricle; 1WZ 1 week after
microembolism; 6HZ 6 hours after microembolism. * p < 0.05
and ** p < 0.01 compared with baseline.
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Interobserver variability expressed as the correlation of
measurements between two investigators was r Z 0.96,
rZ 0.90, rZ 0.89, rZ 0.88, rZ 0.86, and rZ 0.80 for LS,
RS, CS, Tls-12SD, Trs-12SD, and Tcs-12SD, respectively.
Intraobserver variability was smaller than interobserver
variability, with r Z 0.99, r Z 0.95, r Z 0.92, r Z 0.88,
r Z 0.92, and r Z 0.95 for LS, RS, CS, Tls-12SD, Trs-12SD,
and Tcs-12SD, respectively. The error was random with no
systematic trend observed. Thus, the reproducibility of the
measurements for LV strain by STI was satisfactory.Discussion
Our findings are as follows: (1) dipyridamole stress 2D-STI
can identify the myocardial microinfarction moreFig. 4 Changes in postmortem and histopathology analyses. (A)
arrows indicate the nontransmural microinfarct area in the midd
Hematoxylin and eosin staining: normal myocardium on basal a
myocardium with inflammation and infarction in the coronary micaccurately; (2) LS and CS, especially LS, demonstrated
more detective value for subtle segmental systolic
dysfunction; (3) the LV dyssynchrony would be affected
even by slight myocardial injury; and (4) the CS dyssyn-
chrony index yielded the best diagnostic benefit for eval-
uating cardiac uniformity.
Microcirculatory impairment induced by CME can cause
patchy microinfarction [1]. However, selecting appropriate
CME patients for treatment is still difficult for cardiologists.
In the current study, we set out to test the hypothesis that
2D-STI strain peak value and the standard deviation of
time-to-peak intervals of the LV segments could indicate
the slightly decreased cardiac function as well as the
contraction harmoniousness sensitively in CME. In addition,
we applied stress test using dipyridamole. As a potent
vasodilator, dipyridamole can induce regional ischemia by
provoking coronary steal, which is valid for the detection of
the functional response of segments at risk [20,21]. The
postmortem analysis and hematoxylin and eosin staining
verified the microinfarct models were successful with in-
jection of 150,000 microspheres. However, LVEF was not
altered significantly throughout the entire study process,
which was not consistent with the previously published
research of the CME animal study [9]. This may be because
the myocardial necroses all were nontransmural and the
models were in the early stage of heart dysfunction. It is
not unusual that limited and nontransmural infarction will
not always affect ventricular volume and global LVEF
significantly. Also, the outcomes of microspheres injection
may be heterogeneous on a different batch of animal
models, especially when the study sample was small,
causing different amounts of myocardial infarction. Most
importantly, we used the Philips IE 33 system and applied
apical biplane Simpson methods, which are more accurate
for LVEF calculation. We found that LVEF was slightly
attenuated in the CME group after microemboli injection,
but the difference was not large enough to meet the sta-
tistical standard (all p > 0.05). Other than that, encour-
agingly, 2D-STI enabled the evaluation of myocardial
deformation, especially during stress.
In our study, after CME, local LS, RS, and CS were
attenuated compared with those at BASE. These results
were consistent with that 2D-STI induced strain index is
useful for cardiac function detection even with preserved
LVEF. Montgomery et al [22] retrospectively studiedPostmortem: no myocardial necrosis in control group; (B) red
le anterior wall in the coronary microembolization group. (C)
nterior wall in the control group (400). (D) Basal anterior
roembolization group (400).
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raphy. It was demonstrated even nonobstructive coronary
artery disease (stenosis <50%) was identified by a reduced
global longitudinal strain in rest images (p Z 0.0002).
Furthermore, the global LS impairment aided detection of
patients without overt LV systolic dysfunction [23]. Except
atherosclerosis, 2D-STI strain imaging is also manifested to
be sensitive for detecting minor local cardiac damage.
Higuchi et al [10] studied the slight myocardial injury
caused by microembolization during percutaneous coronary
intervention, using a Doppler guidewire to detect embolic
particles as high-intensity transient signals as well as strain
analysis. The echocardiographic study showed no visible
wall motion abnormalities either after or prior to the
intervention. However, in the cases in which the total
number of high-intensity transient signals was 10, the
peak systolic strain worsened compared with the baseline
(p < 0.01). Furthermore, the rates of change in peak sys-
tolic strain had inverse correlation with the total number of
high-intensity transient signals [R(2) Z 0.35].
In addition, the analysis of individual strain components
demonstrated substantial heterogeneity in the presence of
CME. Only LS on the basal anterior wall exhibited abnor-
malities at the same degree of microinfarction at resting
stage; RS and CS were depressed only after dipyridamole
infusion. This was because the myocardial injury induced
different responses in longitudinal, circumferential, and
radial functions, and longitudinal function was impaired
earlier and sensitively [14,24]. Longitudinal strain is already
verified as a new approach to providing a better charac-
terization of subtle changes in LV function among these
different directional deformations gradually occurring
during disease progression [25,26].
In the next place, after successful CME procedure, the
parameters of 12 segmental dyssynchrony varied nega-
tively, especially at stress in accordance with the findings
of postmortem analysis, which helps to shed light on the
relationship between microinfarction and systolic perfor-
mance as well as LV dyssynchrony [14,27]. In parallel with
segmental systolic function, the movement uniformity of LV
is also vital for cardiac function evaluation [28]. Recently,
strain dyssynchrony index induced from 2D-STI has been
found to be as reliable as sonomicrometry for the assess-
ment of LV function regardless of the severity of lesions
[13,29]. Morriset al [30] assessed the global longitudinal
systolic, diastolic, and synchronous function in patients
with heart failure with a normal LVEF. Patients with pre-
served LVEF had a significant impairment of the longitudinal
systolic and diastolic function of the LV as compared with
the control group. In addition, patients with LV mechanical
dyssynchrony presented with higher LV filling pressures and
worse New York Heart Association functional class than
those with normal LV contractions determined by conven-
tional echocardiography. Moreover, Antoni et al [31]
explained that LV dyssynchrony is a strong predictor of
long-term mortality and hospitalization for patients with
heart failure admitted with ST-segment elevation acute
myocardial infarction treated with primary percutaneous
coronary intervention. Our study added some interesting
findings to the current knowledge about the effect of minor
myocardial damage on LV synchronism. In addition to the
effect on local myocardial systolic function, CME alsodisturbed the LV dyssynchrony. It is worthwhile to note that
most of the dyssynchrony index achieved statistical signif-
icance under stress condition. Dipyridamole amplified the
effect of myocardial damage. In the CME group, Tcs-12SD
was prolonged not only at rest at 1 W, but also was
delayed at 6 He1 W under stress, with Tls-12SD deterio-
rated at 1 W after dipyridamole infusion simultaneously,
whereas Trs-12SD was altered little at both stages, which
was in contrast with results from Tanaka et al [32].
Other literature indicated that LS and CS were much
more acceptable than RS in asynchronous evaluation [33].
Myocardial motion is nonisotropic, with a threefold differ-
ence in amplitude between the principal shortening di-
rections (circumferential, along the dominant fiber
orientation). Whereas circumferential strains displayed a
marked change, systolic shortening was replaced by iso-
volumic stretch and delayed shortening. With CS, Helm
et al [34] considered it indicated improved dyssynchrony
with either mode of cardiac resynchronization therapy
during both systole and diastole.
Meanwhile, the clinical indication of our finding will not
be limited in CME. Patchy microinfarction may be subclin-
ical, but the cumulative effects of repetitive microembolic
process could eventually result in the clinically evident
deterioration of cardiac performance and alterations in LV
structure. In fact, all types of microinfarction that do not
meet available diagnostic criteria for acute myocardial
infarction and non-Q-wave infarctions can be estimated
using stress 2D-STI [33].
The final issue is the reproducibility of the echocardio-
graphic method is often doubted. With the improvement of
the echocardiographic system and technical progress, a few
studies have validated the ability and accuracy of 2D-STI in
measuring strain compared with tagged magnetic reso-
nance tomography [29, 35,36].
There are some limitations to our study. One was that
only a few swine were investigated. However, the statisti-
cal power for the current sample was adequate to
demonstrate a difference in systolic dysfunction and dys-
synchrony prior to and after CME. In addition, the results of
pathology demonstrated the CME group was the successful
microinfarction model and all the parameters were
compared with those at baseline of themselves. Thus, the
difference of index for localized systolic function and syn-
chronism can be attributed to the effect of CME. Only 12
segments at the basal and middle levels of the LV were
analyzed in this study. Currently, the use of the 17-segment
model of LV is recommended [37]. Theoretically speaking,
only the basal and middle levels of LV would be affected
with the microemboli infused in the middle of LAD, which
was confirmed with histopathology. Nevertheless, for car-
diac synchrony evaluation, 12-segment standard deviation
of strain by 2D-STI had also been widespread for dyssyn-
chrony estimation [38]. Another reason the 12-segment
index was adopted was that the apical imaging was not
always satisfied for quantitative strain estimation, espe-
cially in apical views in pigs.
In conclusion, quantitative evaluation of myocardial
strain by 2D-STI could improve the ability to detect subtle
myocardial injury, especially during stress echocardio-
graphic testing. Stress-induced LV dyssynchrony abnormal-
ities carriedadditional prognostic value inCME swinemodels.
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